The circulation features of western coast of the Bay of Bengal (BOB) have been analyzed using Regional Ocean Modeling System (ROMS) with Comprehensive OceanAtmosphere Data Set (COADS) wind and thermal forcing. The model simulation shows that the coastal current is not continuous throughout the year similar to the structure seen from the drifter climatology. The western boundary current (WBC) is formed in February and persists till May. This boundary current is very strong during March and April due to formation of anticyclonic eddies. From July to September, the coastal current is disorganized because of sequential development of anticyclonic and cyclonic eddies. But in October the coastal current starts to flow southward as the East India Coastal Current (EICC) and it prevails till December with the formation of cyclonic eddies along the coast. The simulated sea surface height anomaly (SSHA) is competent to detect the upwelling and downwelling zones in the coastal region as supported by TOPEX/POSEIDON climatology.
INTRODUCTION
The western boundary current (WBC) is one of the important current in the ocean. It plays an important role in transferring heat from equatorial region towards north or south and this current is deep and strong which is generally found in large ocean basin. The BOB basin is three sides bounded tropical small ocean basin situated in the north of the Indian Ocean and highly influenced by semiannually reversing monsoon winds. This reversing wind makes the reversibility of boundary current. The existence of WBC in the Bay of Bengal (BOB) basin was evidenced by Legeckis (1987) from the satellite infrared image of sea surface temperature and ship drift data by Cutler and Swallow (1984) during February. This study also reported the circulation pattern in the BOB is clockwise from February to July and anticlockwise for the rest of the year. In October, southward flowing and continuous well-defined East India Coastal Current (EICC) is observed in this basin (Cutler and Swallow, 1984; Shetye et al., 1991a; Suryanarayana et al., 1993) . The model studies (Potemra et al., 1991; Yu et al., 1991; McCreary et al., 1993 McCreary et al., , 1996 also showed the reversal of this boundary current. Through numerous studies the significant contribution of equatorial Kelvin waves to the seasonal gyre circulation in the Bay of Bengal through reflected Rossby waves is demonstrated (Johns and Ali, 1992; Shetye et al., 1993 Shetye et al., , 1996 Shankar et al., 1996; Sanilkumar et al., 1997; Yang et al., 1998 , Babu et al., 1991 and 2003 , Somayajulu et al., 2003 Paul et al., 2009) . The circulation pattern is controlled by formation of eddies as they play important role in exchanging the temperature and salinity. They are responsible for the formation of upwelling and downwelling zone i.e. distribution of nutrients and chlorophyll (Murukesh, 2007) . They are also responsible for formation as well as movement of cyclone (Ali et al., 2007) . Therefore the locations and life span of the eddies are very important to study. But many mesoscale circulation features are yet to be understood for that region as observational and modeling studies are limited to less observations and also limited to coarse resolutions.
In order to accomplish this, high resolution modeling setup has been done for the BOB (4°-24°N and 76°-100°E) using Regional Ocean Modeling System (ROMS) to analyze the circulation features for the Western Coast of the Bay of Bengal ( Figure 1) ; which has very shallow continental shelf and sharp slope in bathymetry from south to north. The head BOB has very shallow (<500 m) while the southern part is very deep (>3500 m). In this paper, we have studied the monthly location of different surface eddies and their life span from current patterns and we have also studied the upwelling and downwelling from SSHA. The section 2 is the model setup which includes the brief explanation and justification of the model. This section describes the dataset used for the forcing and boundary condition for the model experiment. To study the performance of the simulation, the model simulated SSHA is compared with the TOPEX/POSEIDON dataset and simulated current with the drifter climatology. The details of these datasets used for validations are mentioned in the section 3. The validation and the model simulated results are discussed in sections 4 with conclusions in section 5. The parameters used in the model are given in table 1. The centers of different types of eddy and gyre for different months are given in table 2.
MODEL SETUP
ROMS is a free-surface, terrain-following, primitive equations ocean model widely used by the scientific community for a diverse range of applications (Haidvogel et al., 2000 , Lermusiaux et al., 2001 Wilkin et al., 2005, Chakraborty and Gangopadhyay, 2010; Sil et al., 2010a) . The primitive equations are evaluated using boundary-fitted orthogonal, curvilinear coordinates on a staggered Arakawa C grid (Hendstorm, 1997) . The model is discretized in the vertical over variable topography using a stretched terrain-following coordinate. The previous studies on the subsurface eddies in the BOB basin confirmed that the topographic steering is responsible for the formation of eddies with baroclinic instability and atmospheric forcing (Babu et al., 1991, Chakraborty and Gongopadhyay, 2010) . Therefore the ROMS would be appropriate for the basin to understand the topographic influence in the oceanic processes. There are 287 and 248 grid points in zonal and meridional directions respectively corresponding to uniform 10 km resolution with terrain following 32 vertical levels in the model. The horizontal resolution is taken as 10 km in order to resolve the eddies with radius of minimum 10 km. The southern side is made open and northern side is closed while the other two sides partly opened. In the open boundary (east, west and south) temperature and salinity are relaxed to Levitus monthly climatology (Levitus and Boyer, 1994; Levitus et al., 1994) . To resolve the stability of the mixed layer depth, more levels are required in the mixed layer (Chakraborty and Gongopadhay, 2010). We chose θ s = 7.0 and θ b = 0.1 to enhance the vertical layers at the surface and bottom boundary layers for our numerical simulation in this basin (Song and Haidvogel, 1994) . Vertical turbulent mixing is based on the K-profile parameterization (KPP) vertical mixing scheme (Large et al., 1994) . The bottom topography is based on the Earth Topography 2-minute digital terrain model (ETOPO2) dataset (National Geophysics Data Center, 1988) . Surface forcing fields were derived from the Comprehensive Ocean-Atmosphere Data Set (COADS) climatology of Da Silva et al., (1994) . These forcing fields are surface wind stresses, heat and freshwater fluxes, and heat flux of 0.5°× 0.5°resolutions. The latter is used to represent the feedback between model SST and the surface heat flux (Da Silva et al., 1994) .
The above defined climatological forcing fields are used for interannual model simulation. Figure 2 shows that after three years of run, the volume averaged kinetic energy reaches annual cycle. The monthly climatological features are studied for next three years simulation.
DATA USED FOR VALIDATION
The model simulated SSHA are validated with TOPEX/POSEIDON ERS1/2 merged SSHA climatology of quarter degree resolution; downloaded from the site http://woce.nodc.noaa.gov/wdiu /diu_summaries/sat/index.htm, and model simulated current the Drifter Climatology (Niiler et al., 1987 (Niiler et al., , 2001 ) of one degree resolution; downloaded from http://www.aoml.noaa.gov/phod/dac/drifter_ climatology.html.
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SIMULATION OF CURRENT AND SSHA
In January, the model simulated 10 m current shows four anticyclonic eddies (ACE) with centers are; i) ACE-Jan1 (83°E, 9°N) , ii) ACE-Jan1 (87°E, 16°N), iii) ACE-Jan1 (88°E, 18°N) and iv) ACE-Jan1 (83.5°E, 16°N) in the western coast of BOB (Figure 3a) . During this time, two cyclonic eddies (CE) with smaller
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Volume 2 · Number 4 · 2011 F Fi ig gu ur re e 3 3. . ROMS modulated Sea Surface Height Anomalies in m (shaded with color) with current in ms −1 (vector) at 10 m for (a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, (l) December radii and low intensity along with centers are also found as; i) CE-Jan 1 (83°E, 14.5°N) and ii) CE-Jan2 (86°E, 17.5°N). This time coastal current is not well organized due to the formation of CEs and ACEs along the coast line. The model simulated SSHA simulation indicates the downwelling (positive anomalies) and upwelling (negative anomalies) zone in the coastal region at the ACEs and in the CEs respectively. The broad feature of the model simulated circulation as well as SSHA are comparable with the SSHA from drifter climatology and TOPEX respectively (Figure 4a) .
In February, the CEs found in the previous month almost vanish and a dumbbell shaped anticyclonic gyre (ACG) is formed extending from 13°N to 18°N (Figure 3b ). Another ACE (ACE-Jan 1) is found in the north of Sri Lanka. As a result the northward flowing WBC starts to form as found by Legeckis (1987) and Johns and Ali (1992) . In this model result WBC is found to be 150 km wide and 1-1.5 km deep. The influence of westward propagating Rossby waves producing ACG in the west coast of the basin is clear from the simulation. The Rossby waves propagate westward along 10°N and it reflected from the head of Sri Lanka coast and Indian coast. Then it propagates eastward to the east coast of the basin as the Kelvin wave (Yang et al., 1998) . This westward propagation of Rossby wave in this basin is also confirmed by hovmoller diagram both from model and TOPEX datasets ( Figure 5 ). This time positive SSHA band is found in this region both from model and the TOPEX climatology (Figure 4b ) but less in value in the later case. The drifter climatology also shows the formation of western boundary current with ACG in the northwest coast of BOB (Figure 4b ).
The Figure 3c shows that during March the ACEs merge together and become stronger with two nuclei; i) ACE-Mar 1 (85°E, 16°N) and ii) ACE-Mar2 (82.5°E, 12°N). The WBC also becomes stronger due to formation of this strong ACG. This spring time circulation was also found from hydrographic data by Sanilkumar et al. (1997) and Babu et al. (2003) and the satellite data by Somayajulu et al. (2003) . The (Figure 3c ) which is also evidenced from the TOPEX climatology (Figure 4c ). The strong WBC is also observed from the drifter climatology (Figure 4c ). This downwelling is due to the strong negative wind stress curl in this region (McCreary et al., 1996 , Sil et al., 2010b . The ACG divides into two ACEs in April with centers; i) ACE-Apr 1 (85°E, 17°N) and ii) ACE-Apr 1 (82.5°E, 12°N) respectively. The WBC becomes weak due to this separation of eddies (Figure 3d) . The model SSHA also shows two downwelling zones at the corresponding eddies which is matching with the TOPEX SSHA (Figure 4d ). The drifter climatology also indicates the weakening of WBC as it squeezing its extension towards south (Figure 4d) .
In May, the strong ACEs in the previous month faint in intensity. Then a CE forms at (86°E, 18°N) near the Orissa coast (Figure 3e ) which is also found from the drifter (Figure 4e ) but with location slightly in north. This existence of CE i.e. upwelling is also observed from SSHA both model and TOPEX. The extinct of WBC is found from the model and drifter from this month.
During June, the CE which was found in May becomes stronger and it avails the coastal current to flow southward. Another two CEs with centers at i) CE-Jun 1 (85.5°E, 6°N) and i) CE-Jun2 (81°E, 13.5°N) are found to form (Figure 3f) . The two ACEs which were found in May also observed during this time but with smaller radii. The northern ACE (ACE-Jun 1) shifts eastwards to (86°E, 14°N) and southern one remains at its position but squeezes in size. This time the coastal current is found to be disorganized both from model and drifter (Figure 3f and 4f ). In July, CE found in previous month at (ACE-Jun 1: 82.5°E, 12°N) and (ACE-Jun2: 81°E, 13.5°N) merge and get elongated (Figure 3g ). Due to formation of elongated CE, the coastal current starts to flow southward EICC . The ACEs of previous months almost vanish except the ACE near the head of the Sri Lanka which prevent the EICC to extend southward. The model simulated SSHA shows a downwelling zone along the coast line. This negative SSHA is also found in TOPEX but less extended and the ACEs also observed from drifter but with larger radii (Figure 4g ).
In the next month i.e. in August the elongated CE weakens and the ACE shifts northward to ACE-Aug1 (82°E, 12.5°N). Due to these formations of eddies in opposite sense; the coastal current becomes discontinuous (Figure 3h) . The other two CEs are still at their places; i) CE-Aug1 (84.5°E, 8°N) and ii) 19°N) . During this time the drifter climatology also shows the discontinuity of coastal current as an ACG is found in the southern part and cyclonic gyre (CG) is found in the northern part of the East India coast (Figure 4h) . The model simulated SSHA detects the upwelling zone near the coast line. These CEs are also reported by Gopalan et al. (2000) for this month.
During September, three CEs still exist in their respective position but the CE in the southern part shifted towards the head of Sri Lanka with greater radius (Figure 3i ). The ACE shifts northward to ACE-Sep1 (82.5°E, 14°N). This time the coastal current is disorganized due to formation of CEs and ACEs along the coast as supported by the drifter current (Figure 4i ).
In the month of October the ACE (ACE-Oct1) becomes very weak and the CEs (table 2) shift towards the coastline (Figure 3j ). Due to this, the EICC becomes stronger to flow southward which is also reflected from the drifter (Figure 4j ). This time SSHA from model shows a negative band (upwelling) along the coastline which is also observed from the TOPEX (Figure 4j ). This upwelling is detected by Gopalan et al. (2000) using XBT data.
In November, the previous ACE (ACE-Oct1) almost diminishes; here to mention that this ACE forms during February and it lasts till October i.e. for nine months. The CE which was at the head of Sri Lanka gets elongated to make the EICC stronger (Figure 3k ). Another two ACEs still exist but little shifted to the locations at (82°E, 15°N) and (85°E, 17°N) . The drifter climatology also shows EICC to flow southward with higher intensity (Figure 4k ). The SSHA both from model and TOPEX show strong upwelling along the western coast of BOB as depicted in figure 3k and figure 4k respectively.
In the month of December, the ACE influence is observed along 16°N which disturbed the EICC. Another ACE is found to form in the head BOB named as ACE-Dec1 (90°E, 19°N) which is also observed from the drifter climatology and TOPEX.
CONCLUSIONS
The climatological circulation features of East India Coastal domain have been investigated using a high resolution (10 km) ROMS. The model validation indicates that the model is well capable of detecting the mesoscale features of this domain ( Table 2 ). The simulated northward flowing WBC of the BOB shows that it is not continuous for all the months. It is continuous along the boundary from the northern tip of Sri Lanka to head BOB (20°N) during February and March with maximum strength during March. This structure also supported by drifter climatology. Two separate ACEs formed during April which breaks the WBC. These eddies are influenced by reflected Kelvin waves in the east coast of BOB to make this downwelling region. The coastal current is totally disorganized during summer (June to September) due to formation of both CEs and ACEs along the west coast of BOB, although there is a strong southwest wind flow over it. During October and November, EICC flows southward being influenced by the formation of CEs. SSHA shows the upwelling and downwelling zones supported by the currents structure. These zones are also supported by the satellite SSHA indicating that SSHA may be useful to calculate the circulation features reasonably well in this region.
